Aims: We ascertained effects of hand dominance in both right and left-handed volunteers on the thickness and cross sectional area (CSA) of pronator quadratus (PQ) muscle as measured by the axial and sagittal views of ultrasound imaging. Secondly, we also aimed to document the extent of the relationship between the PQ measurements and handgrip. Materials and methods: Healthy adults from the volunteer medical staff were included in the study. Handedness was assessed via The Flinders Handedness survey. The sonographic appearance of the PQ was evaluated on sagittal and axial images for both hands. CSA of PQ muscle was digitally drawn and calculated on the axial plane. Handgrip was measured by using adjustable-handle dynamometer. Results: Eighty-nine healthy volunteers were included (54 right and 35 left-handed). Significant difference was detected between dominant and non-dominant hands in CSA and muscle thickness in both right and left-handed volunteers (p<0.05). These measurements were correlated with the handgrip strength (p<0.05, r=0.55, and r=0.43 for right-handed volunteers, r=0.67 and r=0.48 for left-handed volunteers, respectively). There were also significantly high correlations between the measurements of CSA and PQ thickness of the corresponding extremity in both right-handed and left-handed volunteers (p<0.05). Conclusions: A statistically significant difference exists between dominant and non-dominant hands in CSA and muscle thickness measured by US in both right and left handed volunteers, and this is correlated with handgrip strength. Hand dominance should be considered to compare healthy and affected sites during US of PQ while investigating for occult fractures of distal forearm or PQ atrophy due to anterior interosseous nerve injury.
Introduction
The pronator quadratus (PQ) muscle inserts distally 1/6 th of the anterior surface of radio-ulnar joint. While the superficial layer of PQ acts in coordination with the pronator teres and serves for forearm pronation, deep layer inserts joint capsule and take part in radio-ulnar joint stabilization [1] [2] [3] . In addition, both heads of the pronator quadratus also play a role in grip strength [4] . The obliteration of the fat plane between the pronator quadratus and the flexor digitorum profundus muscles which is a radiolucent plane that can be detected on lateral radiographs of the distal forearm namely the pronator sign has been reported since 1960s as an important diagnostic tool for the detection of the occult distal radius and ulna traumatic fractures [5] . However, sensitivity and specificity of this sign on plain radiographs for diagnosis of distal forearm fractures are quite low in contrast to magnetic resonance imaging (MRI) [6] .
Although MRI is a reliable method in the diagnosis of occult bone injury this examination has some drawbacks since it is a time consuming and costly procedure. There-fore, PQ ultrasonography (US) has been investigated in several studies for the detection of occult distal forearm bone injuries or anterior interosseous nerve injuries offering advantages in cost and comparison with healthy sites [7] [8] [9] [10] . Sato et al [8] reported that sonographic swelling of PQ in contrast to the healthy site in patients without findings in lateral radiographs of the distal forearm following acute injury might be an indicator for occult bone injury. However, the difference in the pronator quadratus thickness between dominant and non-dominant hands and isolated PQ atrophy without anterior intraosseous nerve entrapment in asymptomatic healthy individuals may be a limiting factor during sonographic studies of PQ in patients with an acute occult bone injury in distal forearm [7, 9, 10] . Although, effect of hand dominance on PQ thickness has been investigated in healthy right handed volunteers, there has been no studies covering both right and left handed individuals comparing PQ thickness and cross sectional area (CSA) between dominant and non-dominant hands.
Here, we ascertain effects of hand dominance in both right and left handed individuals on the thickness of the PQ muscle and CSA as measured by axial and sagittal views of ultrasound imaging. Secondarily, we also aimed to document the extent of the relationship between the PQ thickness and handgrip concerning PQ's stabilizing effect on distal radio-ulnar joint in addition to its pronator function.
Materials and methods
Following approval of the Ethical Committee (Pamukkale University Medical Faculty, Denizli, Turkey; No: 60116787-020/61419), healthy adults from the volunteer medical staff were included in the study. Volunteers with a history of major upper extremity trauma, fracture, chronic systemic problems related to musculoskeletal system, recent hospitalization, and surgery were excluded from the study.
To determine if subjects met the above criteria, a brief interview was conducted which preceded all testing. Following the interview, hand preferences of the volunteers were detected by applying a survey for handedness. An independent observer other than the observers performing ultrasonography and hand strength measurements, performed this step and referred the volunteers to the blinded observers for sonographic measurements of PQ and strength assessment of both hands.
Assessment of Handedness
Handedness was assessed via The Flinders Handedness survey (FLANDERS); a measure of skilled hand preference originally reported by Nicholls et al [11] . Responses of 10 questions being 'left', 'either' and 'right' are assigned scores of -1, 0 and +1, respectively. These scores are then totalled to give a test score that ranges from -10 to +10. Individuals with scores ranging between -10 and -5 were designated to be left-handed whereas individuals with scores ranging between +5 and +10 were designated as right-handed. Individuals with scores between these ranges were considered to be mixed-handed or ambidextrous.
Ultrasound Measurements
The volunteers sitting on a chair placed their hands on a rectangular table. Hands were positioned fully relaxed during the whole ultrasonographic evaluation with the shoulder adducted and neutrally rotated, elbow flexed at 90°, forearm in neutral position, and wrist between 5° and 10° dorsiflexion. The sonographic appearance of the PQ was evaluated on sagittal and axial images for both hands. The sagittal image was used to measure the thickness of the radial part of the PQ (represents mainly radial part of superficial layer) and the axial image was used to measure mainly the thickness of the interosseous and ulnar parts of superficial layer [7, 12] . For the sagittal image, the probe was positioned along the flexor carpi radialis tendon on the volar aspect of the wrist, and the maximum thickness of the PQ was measured at corresponding sites of both hands [7, 12] (fig 1a) . The flexor carpi radialis, PQ, volar cortex of the radius, and the bony prominence attached to the PQ were included in the sagittal image. Since the sagittal image mainly represents the superficial layer of PQ on the volar side at the radial cortical level, we considered the correspondence to the radiographic PQ sign and measured the maximum thickness at this level [7, 12] . For the axial image of the PQ muscle, the probe was positioned distally adjacent to the radiocarpal joint and moved proximally from carpus to forearm to get the maximum thickness on the volar side at the cortical level. For this measurement, a tangential line beginning from the ulnar rim of the radius to the convex site of the ulna was drawn, and maximum thickness of the muscle was measured perpendicular to this line [7, 12] (fig 1b) . Cross sectional boundaries of the PQ muscle area on this axial plane where the maximum thickness of the muscle measured was digitally drawn to evaluate both superficial and deep parts, and the software of US machine automatically calculated CSA (Fig 1c) . Three successive measurements were performed on the same occasion and average results were recorded. The examinations were performed using a sonographic scanner (Logiq E9, GE Medical Systems, Wauwatosa, WI, USA) and 11-15 MHz linear prob. To assess intra-observer reliability, the main observer of US measurements (KA) performed two separate measurements on the first 30 volunteers with one-week interval. To assess interobserver reliability an additional observer (HRG) also performed US measurements on the first 30 volunteers.
Assessment of Hand Strength
The volunteers were seated with their shoulder adducted and neutrally rotated, elbow flexed at 90°, forearm in neutral position, and wrist at 0° to 30° dorsiflexion, and 0° to 15° ulnar deviation [13, 14] . Handgrip strength was tested first (fig 2a) , followed by nail-to-nail pinch (pinch 1), tip (two-point) pinch (pinch 2), key (lateral) pinch (pinch 3), and palmar (three-jaw chuck) pinch (pinch 4) (fig 2b). Standardized instructions described by Mathiowetz et al [15] were used for testing. The standard, adjustable-handle Jamar dynamometer, reported as the most accurate for measuring grip strength, was used in the measurements [16] . For standardization, it was set at the second handle position for all subjects [16, 17] . The dynamometer was lightly held around the readout dial by the examiner to prevent inadvertent dropping. Scores were read on the needle side of the red readout marker. One observer (AK) performed all of the measurements, and the scores of three successive trials were recorded for both hands for each strength test. The calibration of instruments was tested periodically during the examinations [16, 17] .
Statistical Analysis
An a priori power analysis (tested against a constant of 0.00) proved that at least 34 volunteers were required to detect a significant difference between the PQ thickness of dominant and non-dominant hands in left handed individuals with 90 % power (p < 0.05; α = 0.05; 2 tailed; confidence interval 95%). An a posteriori power analysis (tested against a constant of 0.00) showed 95 % power to detect a significant difference between PQ thickness of dominant and non-dominant hands in left handed individuals with 35 people (p < 0.05; α = 0.05; 2 tailed; confidence interval 95%). The data were analyzed with Statistical Package for Social Sciences software (SPSS Version 18, Chicago, IL, USA). Descriptive statistics (including mean ± standard deviation, frequency, and percentage) were calculated for both right and left-handed volunteers. For parametric tests, the difference between the means of variables in groups was compared using the independent samples t test. Pearson's correlation coefficient was used to determine a correlation between the muscle strength and US measurements. Statistical significance was set at p<0.05. Interclass correlation coefficient (confidence interval 95%) was used for intra-and inter-observer reliability.
Results
Eighty-nine healthy volunteers were included in the study (54 right handed and 35 left handed; 49 M and 40 F; age range between 20-50 years; mean age 28,74±6,98 years). Demographic and physical characteristics of patients are summarized on Table I .
Intra-observer reliability was high for sagittal and axial thickness measurements for both right and left hands (ICC values for axial thickness of right hand=0.980, of left hand=0.985, p=0.001 with 95% CI; ICC values for sagittal thickness of right hand=0.972, of left hand=0.974, p=0.001 with 95% CI). Inter-observer reliability was high for axial and sagittal thickness measurements both right and left hands (ICC values for axial thickness of right hand=0.993, of left hand=0.991, p=0.001 with 95% CI; ICC values for sagittal thickness of right hand=0.994, of left hand=0.990, p=0.001 with 95% CI).
No volunteer was classified as ambidextrous in our study. US measurements of PQ, grip strength, and pinch strength results in right-handed and in left-handed volunteers are summarized on Table II and III, respectively. For right-handers, all the measurements were found to be significantly higher (p<0.05) on the dominant side except the three-jaw chuck pinch (p>0.05). For left-handers, all the measured parameters were found to be slightly higher in the left hand rather than the right hand except in the case of the three-jaw chuck pinch (p<0.05). However, n -number of volunteers, CSA -Cross sectional area, R -right, L -left, n.s -not significant Table IV . Correlation between the grip strength, pinch strength and ultrasonography measurement results in right-handed volunteers (n=54). correlations were detected in all measured parameters (p<0.05). In left handed volunteers, there were moderate to strong statistically significant correlations between all parameters (p<0.05) except for the tip pinch and the three-jaw chuck pinch (p>0.05). The measurements of CSA were also significantly correlated with axial and sagittal PQ thickness measurements of the corresponding extremity in both right handed and left handed volunteers (Table VI) .
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Discussions
The most important finding of this study is that a statistically significant difference exists between dominant and non-dominant hands in CSA and sagittal thickness of the PQ in both right and left handed volunteers. However, US measurements in axial views show a significant difference in favor of the dominant hand only in right-handed volunteers. In addition, although there was no statistically significant differences in the grip strength of the hands in left-handed individuals, dominant side strength measurements were higher in all right-handed volunteers.
Although PQ was described in anatomic texts more than 400 years ago, it did not gain popularity until the biomechanics of the distal radio-ulnar joint became clear [2] . In 1976, Johnson et al [1] reported two distinct heads of PQ. They emphasized the importance of this muscle and postulated that deep head stabilizes the distal radioulnar joint and the superficial head initiates pronation. In addition to these functions, the PQ muscle is the key point indicator in the diagnosis of occult distal forearm fractures on plain radiographs [4, 16] . However, sensitivity and specificity of the pronator sign has been questioned in the literature regarding the diagnosis of occult distal forearm fractures on plain radiographs [5, 6, 8, 18] .
While edematous change of PQ muscle is proposed as an indirect sign for occult distal forearm fracture, loss of bulk of the muscle may reflect anterior inter-osseous nerve palsy. However, isolated PQ atrophy unrelated to anterior inter-osseous nerve entrapment in asymptomatic individuals has been reported in recent studies [10, 19] . Tagliafico et al [10] suggested that this might result from the dominance of pronator teres that acts as a primary muscle overriding the PQ activity in the pronation of forearm. In our study, we found that axial and sagittal US measurements for right handed individuals and sagittal US measurements for left handed individuals were significantly higher in dominant hands (p<0.05). This is also an important finding from the viewpoint that while performing comparative US studies of PQ, hand dominance should be taken into account.
US has distinct advantages in terms of noninvasiveness and cost-effectiveness, and allows for the clear visualization of the PQ in various planes [7, 12] . Sonography of PQ can be used in cases of soft tissue swelling of the volar side of wrist, pronation deficit, and loss of handgrip strength in a clinical setting [7, 12] . By utilization of US images, it is possible to detect occult fractures of distal radius, neoplastic conditions, infectious and granulomatous processes, anterior interosseous syndrome, and rarely for isolated compartment syndrome [7, 12] . In our study, we evaluated the sonographic appearance of the PQ both on sagittal and axial images. The sagittal image was used to measure the thickness of radial part of PQ and the axial image was used to measure mainly the thickness of interosseous and ulnar parts [7, 12] . These measurements of PQ described in the literature focus mainly on the superficial area because a deep part remains below a line tangential to the cortical bones of the radius and ulna [7, 12] . However, concerning the ease of the technique, it is more practical to measure the superficial part of the muscle in a clinical setting since a line tangential to two cortical bone surfaces can be clearly drawn. In addition, we also used CSA to evaluate both parts of the PQ with an attempt to include a deep layer to compare with hand dominance and grip strength. Measurements of CSA in US evaluations have been reported in various muscles of the human body in literature but not in PQ previously. Mohseny et al [20] studied the ultrasonographic quantification of the intrinsic hand muscle cross-sectional area and its validity for predicting muscle strength. Thirty-one patients with unilateral ulnar and median nerve injuries were included in their study, and measurements of CSA of intrinsic hand muscles and strength were compared with the contralateral side. They concluded that US is a valid and reliable method to assess the CSA of specific muscles in the hand and this correlates with strength measurements. Katoyose and Magee [21] reported measurement reference standards of CSA of supraspinatus by diagnostic ultrasound in 72 volunteers. They also found that the CSA of the dominant side was significantly larger than the non-dominant side with a high measure of inter-observer reliability. Our technique to measure CSA involves drawing boundaries of PQ muscle area on the axial plane where the maximum thickness of the muscle measured, and the software of US machine automatically calculates this CSA. Therefore, we tried to cover both parts of the muscle to compare measurements with the handgrip and side laterality. In our results, CSA measurements were higher in the dominant side and correlated with the dominant site measurements of handgrip strength. The measurements of CSA were also significantly correlated with the axial and sagittal PQ thickness measurements of the corresponding extremity in both right handed and left handed volunteers. These findings related to CSA may be used to search for PQ sonographic swelling in occult distal forearm fractures or for sonographic atrophy of PQ in anterior inter-osseous nerve palsy if validated with further studies in these patient groups. Grip and pinch strength are commonly employed indices of strength used in hand evaluations. Grips are performed using the whole hand while the pinch involves using the fingers only [14] . Since the deep head of the PQ was active both during pronation and supination, lending support to the theory that it may act primarily as a dynamic distal radio-ulnar joint stabilizer, we also studied grip strength and pinch strength of the hand to utilize the extent of influence concerning stabilizing effect of PQ on wrist [22] . There are a number of studies that consider handgrip strength and pinch forces, mostly tip pinch, lateral pinch and palmar pinch in relation to the upper limb location. Rey et al [23] measured grip strength in pronation and supination, in both the dominant and non-dominant sides in 93 healthy volunteers excluding left handed individuals. Torques were found higher in supination than in pronation and in the dominant side compared to the non-dominant one in their study. They also reported an average ratio (non-dominant/dominant) of 0.85. In our measurements, the ratio of the non-dominant hand to the dominant hand was higher due to the fact that we performed measurements in the neutral position of forearm. Therefore, it should be kept in mind that measurement of handgrip strength in supination gives more discriminative results.
One of the limitations of our study is that we could not include ambidextrous volunteers since we could not group any person in the handedness survey as mixed handed. Secondly, patients with wrist trauma, fracture and/or operation history were excluded in our study and these directly may alter both strength and US measurements. In addition, CSA measurements of PQ were described for first time in our study, and therefore, this should be validated in further studies including both healthy volunteers and patients.
Conclusion
Statistically significant difference exists between dominant and non-dominant hands in CSA and sagittal US measurements of PQ thickness in both right and left handed volunteers, and this is correlated with handgrip strength. Although differences in measurements are considered to be slight, the results are consistent in most of the cases. According to the results of our study, hand dominance should be taken into account while evaluating PQ bilaterally for both sonographic swelling in an occult distal forearm fracture and sonographic atrophy in anterior inter-osseous nerve palsy. In addition, the method described here to measure CSA of PQ may be utilized in various abnormalities of this muscle reported in literature by validating results in further studies comparing the PQ muscle of both healthy volunteers and patients in right and left handed individuals.
